Key Words intron evolution, retrotransposon, reverse transcriptase, ribozyme, RNA splicing ■ Abstract Mobile group II introns, found in bacterial and organellar genomes, are both catalytic RNAs and retrotransposable elements. They use an extraordinary mobility mechanism in which the excised intron RNA reverse splices directly into a DNA target site and is then reverse transcribed by the intron-encoded protein. After DNA insertion, the introns remove themselves by protein-assisted, autocatalytic RNA splicing, thereby minimizing host damage. Here we discuss the experimental basis for our current understanding of group II intron mobility mechanisms, beginning with genetic observations in yeast mitochondria, and culminating with a detailed understanding of molecular mechanisms shared by organellar and bacterial group II introns. We also discuss recently discovered links between group II intron mobility and DNA replication, new insights into group II intron evolution arising from bacterial genome sequencing, and the evolutionary relationship between group II introns and both eukaryotic spliceosomal introns and non-LTR-retrotransposons. Finally, we describe the development of mobile group II introns into gene-targeting vectors, "targetrons," which have programmable target specificity.
INTRODUCTION
Mobile group II introns are retroelements consisting of a highly structured catalytic RNA and a multifunctional, intron-encoded protein (IEP), which has reverse transcriptase (RT) activity. The intron RNA, by virtue of its ribozyme activity, intrinsically carries out RNA splicing and reverse splicing (integration) reactions, while the IEP facilitates these reactions by stabilizing the catalytically active RNA structure. Mobility occurs by a remarkable target DNA-primed reverse transcription (TPRT) mechanism in which the excised intron RNA reverse splices directly into a DNA target site and is then reverse transcribed by the IEP. In some cases, the IEP has a DNA endonuclease (En) activity that cleaves the opposite strand to generate the primer for TPRT, but recent studies show that nascent strands at DNA replication forks can also serve as primers. By using these mechanisms, group II introns "retrohome" at frequencies approaching 100% into specific DNA target sites, typically the unoccupied site in an intronless allele, and "retrotranspose" at low frequencies into ectopic sites that resemble the normal homing site. Mobile group II introns are also of interest because they are the putative ancestors of spliceosomal introns and non-LTR retrotransposons in higher organisms, elements that together comprise more than 45% of the human genome.
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Figure 1
Group II intron RNA splicing mechanism and secondary structure. A. Splicing occurs via two sequential transesterification reactions. In the first, nucleophilic attack at the 5 -splice site by the 2 OH of a bulged A-residue in DVI results in cleavage of the 5 -splice site coupled to formation of lariat intermediate. In the second, nucleophilic attack at the 3 -splice site by the 3 OH of the cleaved 5 exon results in exon ligation and release of the intron lariat. B. The conserved secondary structure consists of six double-helical domains (DI-DVI) emanating from a central wheel, with subdomains indicated by lower-case letters (e.g., DIVa). The ORF is encoded within DIV (dotted loop), and DIVa is the high-affinity binding site for the IEP. Greek letters indicate sequences involved in tertiary interactions. EBS and IBS refer to exon-and intron-binding sites, respectively. Some key differences between subgroup IIA, IIB, and IIC introns are indicated within dashed boxes, but additional smaller differences are not shown (see References 69, 109 for detailed discussion of differences between group II intron subclasses).
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interactions between different RNA domains have been identified (IBS1-3, α-λ), enabling structural modeling of the active site (14, 82, 107 ). An evolutionary relationship between group II and spliceosomal introns is supported by their similar splicing mechanisms and by the finding that several group II intron domains, including DI, DIII, and DV, and segments DI-III and DV-DVI, can function in trans to promote splicing of mutant introns lacking the domains, as expected for the progenitors of spliceosomal snRNAs (12, 24, 45, 70, 88) .
Key to the operation of group II introns are three short sequence elements that base pair with flanking 5 -and 3 -exon sequences to help position the splice junctions at the intron's active site for both RNA splicing and reverse splicing reactions ( Figure 1B) (14, 67) . The sequence elements EBS1 and EBS2 (exonbinding sites 1 and 2) in DI each form 5 to 6 base pairs with the 5 -exon sequences IBS1 and IBS2 (intron-binding sites 1 and 2). In group IIA introns, the sequence δ adjacent to EBS1 base pairs with δ , the first 1-3 nucleotides of the 3 exon, while in group IIB introns, the 3 exon base pairs instead with EBS3, located in a different part of DI ( Figure 1B ).
PROTEIN-ASSISTED SPLICING OF GROUP II INTRONS
Although some group II introns self-splice in vitro, this reaction generally requires nonphysiological conditions, and in vivo, proteins are required to help the intron RNA fold into a catalytically active structure (reviewed in 51, 52) . In the case of mobile group II introns, a major protein required for splicing is the IEP, which binds specifically to the intron RNA to stabilize the active structure ("maturase" activity) ( Figure 2 ) (9, 64, 77, 93) . As discussed below, the IEP uses parts of the RT domain and domain X, which likely corresponds to the RT thumb, to bind different regions of the intron RNA (17, 74, 77) . All characterized maturases are intron-specific splicing factors, but closely related maturases may have some cross-reactivity (9, 77, 93) .
In plant chloroplasts, only one group II intron, trnK-I1 in the tRNA Lys gene, encodes a maturase-related protein, and this protein, denoted MatK, may contribute to the splicing of a number of ORF-less group II introns. This more generalized function of MatK is supported by the nature of the splicing defects resulting from inhibition of cp protein synthesis, and by the observation that a free-standing ORF encoding MatK is retained in the pared down cp genomes of nonphotosynthetic plants (reviewed in 114). MatK proteins contain a well-conserved domain X, but have degenerate RT motifs and lack the En domain ( Figure 2D ) (74) . In higher plants, four other maturase-related proteins, denoted nMat-1a, -1b, -2a, and -2b, are encoded by nuclear genes, but have mt targeting sequences and may function in splicing one or more mt group II introns, most of which do not encode ORFs ( Figure 2E,F) (73) . The nuclear-encoded nMat proteins likely originated from an organelle group II intron. Like MatK, they have a conserved domain X, but some have deviations in the RT domain and lack or have deviations in the En domain, suggesting loss of mobility functions. In addition to maturases, a number of host-encoded group II intron splicing factors have been identified genetically in yeast, algae, and higher plants (reviewed in 52, 55) . Some of these proteins may function alone, whereas others may function in conjunction with maturases or other proteins, either by stabilizing the active RNA structure, or by acting as RNA chaperones to resolve non-native structures that constitute "kinetic traps" in RNA folding. The host-encoded splicing factors differ among organisms, but a common feature is that they have or had another cellular function (e.g., peptidyl-tRNA hydrolase and CRM-domain proteins for higher 7 plant cp DNA introns; pseudouridine synthase for a trans-spliced Chlamydomonas reinhardtii cp DNA intron) (46, 83, 85, 108) . The idiosyncratic nature of these proteins in different organisms suggests that they were recruited to function in splicing relatively recently in evolution, after the dispersal of the introns as mobile genetic elements, similar to the recruitment of aminoacyl-tRNA synthetases and other host factors to function in splicing group I introns (52, 53) .
GROUP II INTRON-ENCODED PROTEINS: DOMAINS AND BIOCHEMICAL ACTIVITIES
Most of what is known about the biochemical activities of group II IEPs has come from studies of the yeast mt introns coxI-I1 and -I2 and the L. lactis Ll.LtrB intron. The proteins encoded by these introns are active RTs containing four "domains" denoted RT, X, DNA binding (D), and DNA endonuclease (En) (Figure 2A ,B) (49, 65, 74, 93, 94) . The N-terminal RT domain contains conserved sequence blocks RT-1 to -7 found in the fingers and palm of retroviral and other RTs, as well as an upstream region, denoted RT-0, which is characteristic of RTs of non-LTR retrotransposons, such as human LINE elements (59, 126) . Domain X was identified as a site of mutations affecting maturase activity (17, 74) . It is located just downstream of the RT domain in the position corresponding to the thumb and connection domains of retroviral RTs, and likely corresponds to a specialized thumb in group II intron RTs. The RT and X domains function together to bind the intron RNA both as a substrate for RNA splicing and as a template for reverse transcription (17, 49, 65, 115) .
The C-terminal D and En domains are not required for RNA splicing, but function in intron mobility. Domain D is not highly conserved in sequence, but contains two functionally important regions, one consisting of a cluster of basic amino acid residues and the other containing a predicted α-helix (94) . The En domain, which carries out second-strand DNA cleavage during mobility, contains motifs characteristic of the H-N-H DNA endonuclease family interspersed with two pairs of conserved cysteine residues, similar to an arrangement found in phage T4 endonuclease VII (38, 94, 101) . The H-N-H motif forms part of the En active site, which in the case of the L. lactis IEP contains a single catalytically essential Mg 2+ ion. The conserved cysteine motifs appear to stabilize the higher-order structure of the domain, but unlike EndoVII, do not contain a coordinated Zn 2+ ion, at least in the purified protein (94) .
The functions of the D and En domains in the yeast and lactococcal introns were defined by analyzing C-terminal truncations (41, 103) . Deletion of the En domain abolished only second-strand DNA cleavage, while a longer truncation deleting both D and En also abolished reverse splicing of the intron RNA into double-stranded DNA. The truncated protein lacking D and En could still support residual reverse splicing into single-stranded DNA substrates, implying that D is required primarily to access the target site in double-stranded DNA. The RT and/or 8 LAMBOWITZ ZIMMERLY X domains may also contribute to DNA binding, as evidenced by their ability to support some reverse splicing into single-stranded DNA. The En domain has no cognate in other retroelements, suggesting that it was appended to a pre-existing RT to enhance mobility by TPRT (3, 63) . Nuclear non-LTR-retrotransposons contain two other types of En domains that have been appended to their RTs for analogous TPRT reactions (29, 76) .
GROUP II INTRON-ENCODED PROTEINS: LINEAGES AND VARIATIONS
More than 200 ORF-containing group II introns have been sequenced, and with a few exceptions noted below, all encode RT-related proteins. Based on phylogenetic analysis, the IEPs can be divided into eight major lineages denoted mitochondrial, chloroplast-like 1 and 2, and bacterial A-E (112, 126) (Figure 3 ). Importantly, each lineage of IEP is associated with a distinct RNA structural subclass, implying that the IEP was associated with the intron RNA prior to the divergence of different group II intron lineages, with little if any subsequent exchange of IEPs (109) . The "mitochondrial" and "chloroplast" lineages include a number of bacterial group II Figure 3 Phylogeny of group II intron ORFs and correspondence with RNA structural classes. Phylogenetic relationships of group II intron ORFs are summarized based on neighbor-joining analyses (109, 112) . Group II intron ORFs are divided into eight clades, named mitochondrial, chloroplast-like 1 and 2, and bacterial A-E (112, 126) . Each ORF clade is associated with a distinct RNA structural class (IIA1, IIB1, IIB2, IIC, two other distinct IIB-like, and two distinct IIA/B hybrid classes) (109) . The branching patterns for specific introns discussed in this review are indicated, along with group II introns of E. coli and the archaea Methanosarcina acetivorans (M.a.), which illustrate probable horizontal transfers. introns (e.g., the L. lactis Ll.LtrB intron belongs to the "mitochondrial" lineage), a situation thought to reflect that mt and cp group II introns were derived from specific bacterial lineages. Additionally, the heterogeneous phylogenetic distribution of group II intron subclasses suggests that horizontal transfer of bacterial group II introns is relatively common (21, 126) , and indeed, cross-species transfer by conjugation has been demonstrated (4) .
About a quarter of organellar group II introns and half of bacterial group II introns (including all members of bacterial classes C, D, and E) encode proteins lacking the En domain. As discussed below, some of these introns are mobile, and their IEPs may be related to ancestral RTs that lacked the En domain. However, phylogenetic analysis suggests that the En domain was also lost multiple times in both bacterial and organellar lineages (126) .
Finally, a small subset of fungal mtDNA group II introns is distinct in encoding proteins of the LAGLIDADG family of group I intron homing endonucleases (110) . The LAGLIDADG proteins promote homing of group I introns by cleaving recipient alleles to initiate double-strand break repair (DSBR) recombination, and some have also adapted to function in RNA splicing by stabilizing the active RNA structure (2, 51, 52). It will be of great interest to determine if these proteins have similar functions when associated with group II introns.
DEGENERATE GROUP II INTRONS, TRANS-SPLICING, AND TWINTRONS
Group II introns exhibit several types of structural variations that provide insight into their evolutionary potential and constraints. First, many organellar group II introns have degenerate RNA structures. Higher plant cp and mt group II introns, for example, frequently have deviations from the conserved RNA secondary structure, such as mispairings in DV and DVI, and no higher plant group II intron has been shown to self-splice (67, 83) . More extreme structural degeneration is seen among Euglena cp group II introns, some of which (also called group III introns) are as short as 91 nts and have only a degenerate DI and DVI (13) . Also, many organellar group II introns lack an ORF or encode proteins with degenerate RT domains (e.g., cp MatK proteins), suggesting loss of mobility functions (74) .
Remarkably, a number of organelle group II introns are discontinuous, consisting of two or more segments encoded in different parts of the genome. Transcripts of these segments reassociate via tertiary interactions to form a functional intron, resulting in "trans-splicing" of the associated exons (5) . The nad1 gene in many higher plants, for example, is split into four independently transcribed segments, which are spliced in three trans-splicing reactions. In ancestral lower plants, the nad1 gene is continuous and does not contain introns, indicating that the gene was split after intron insertion. In Chlamydomonas reinhardtii chloroplasts, two trans-splicing introns are found in the psaA gene, with intron 1 transcribed in three segments and intron 2 in two segments. Mutations in about a dozen nuclear genes affect the C. reinhardtii trans-splicing reactions (37, 85, 92) . Notably, transsplicing appears to have evolved independently multiple times in organelles (90) . The repeated distintegration of group II introns into segments that can functionally reassociate supports the view that a similar process was involved in the evolution of spliceosomal introns (99) .
Finally, "twintrons" are a type of structural variation in which one group II intron has inserted into another, forming a nested set of up to four introns. In Euglena chloroplasts, twintrons are found within housekeeping genes, and they must be spliced sequentially starting with the innermost intron, which then yields a continuous copy of the next intron, and so on (13) . By contrast, most bacterial twintrons are found in intergenic regions, and some bacterial clusters have asymmetric organizations, with incomplete copies of some introns (23) . The insertion of one intron into another provides a safe haven for the invading intron.
RETROHOMING OF YEAST mtDNA GROUP II INTRONS
The mobility of group II introns was first demonstrated by Meunier et al. (66) for the S. cerevisiae mtDNA intron coxI-I1 and by Skelly et al. (105) for the related Kluyveromyces lactis coxI-I1 intron. These investigators analyzed crosses between haploid yeast strains containing different combinations of mtDNA introns. During crosses, mitochondria fuse, enabling recombination between mtDNAs, which then segregate to a homoplasmic state. Both group II introns homed to the unoccupied site in intronless alleles at high frequency, occupying ∼90% of the progeny alleles, and in S. cerevisiae, homing was shown to be blocked both by IEP mutations and by intron RNA mutations that inhibit splicing. The latter finding implied a significant difference from the DSBR mechanism used for group I intron mobility, where splicing competence of the intron is not required.
In the first detailed study of group II intron mobility, Lazowska et al. (54) showed that both coxI-I1 and coxI-I2 are mobile independently, but in some crosses, coxI-I1 mobility was blocked by a small number of allele-specific sequence differences in the DNA target site. By analyzing pooled progeny, they showed that insertion of coxI-I1 into its target site is accompanied by asymmetric coconversion of flanking exon sequences, which extended >50 bp into the 5 exon but only <25 bp into the 3 exon. These findings and previous characterization of cDNAs synthesized from unspliced precursor RNA in endogenous reverse transcription reactions (49) suggested that the mobility intermediate was a reverse transcript of unspliced precursor RNA. This cDNA was hypothesized to begin in the 3 exon and extend through the intron into the 5 exon, enabling intron integration into the recipient allele by recombination between homologous exon sequences ( Figure 4A ). The inhibition of mobility by small DNA target site differences raised the possibility of a DNA endonuclease activity that cleaves the recipient allele, and this possibility was supported by the subsequent identification of H-N-H DNA endonuclease motifs in the C-terminal domain of the IEPs (38, 101) .
Extending these findings, Moran et al. (78) showed that coxI-I2 mobility is inhibited by mutations in the IEP's RT and En domains, as well as by the deletion of intron DV, which abolished ribozyme activity without affecting the amino acid sequence of the IEP. Unexpectedly, mutations in the RT active site that abolished RT activity inhibited mobility only by ∼50%, whereas mutations in the En region reduced mobility to undetectable levels. These findings suggested two different mobility mechanisms, both of which require the En activity-an RT-dependent mechanism involving a cDNA intermediate, and an RT-independent DSBR mechanism initiated by En cleavage of the recipient allele, analogous to group I intron mobility. Asymmetric coconversion of exon sequences was again observed, and as above, the simplest interpretation was that the mobility intermediate was a reverse transcript of unspliced precursor RNA. Only later did it become clear that the coconversion pattern was actually a composite of those for different mobility pathways operating simultaneously (see below).
Enlightenment came from biochemical studies with yeast mt RNP preparations, in which the mobility reactions were reconstituted in vitro, enabling the dissection of individual steps (125) . First, incubation of the RNPs with double-stranded homing site DNA showed that mobility occurs by a TPRT mechanism in which the RNPs cleave both strands of the DNA and then use the 3 end of the cleaved antisense strand as the primer for reverse transcription of an intron RNA template. The sense strand is cleaved precisely at the exon junction, whereas the antisense strand is cleaved at position +10 in the 3 exon. Analysis of mutants showed that the En activity requires not only the IEP but also splicing-competent intron RNA, which stabilizes the IEP. Because of the previous coconversion data, the initial model continued to assume that unspliced precursor RNA was the template for reverse transcription ( Figure 4B ), analogous to the TPRT mechanism first demonstrated by Eickbush and coworkers for the insect R2 element (58) . In that mechanism, the RT uses a site-specific endonuclease activity to cleave the DNA target site, generating a nick that is then used as a primer for reverse transcription beginning at the 3 end of the element's RNA.
For group II introns, the final critical revelation came from further dissection of the DNA cleavage reaction using the newly developed biochemical methods (118, 124) . These studies showed that while antisense-strand cleavage is catalyzed by the En domain of the IEP, sense-strand cleavage is catalyzed by the intron RNA via a reverse splicing reaction. The latter reaction inserts the intron RNA directly into the DNA target site where it can serve as a template for reverse transcription primed by the 3 end of the cleaved antisense strand ( Figure 4C ,E). While coxI-I2 carried out mainly the first step of reverse splicing in vitro, resulting in intron lariat RNA linked to the 3 exon, coxI-I1 carried out substantial amounts of complete reverse splicing in vitro, resulting in insertion of linear intron RNA between the two DNA exons. These different levels of partial and complete reverse splicing are now known to reflect that the reaction is reversible, with excision favored for some introns, leading to a preponderance of partially reverse spliced product in vitro (1) . Reverse transcription across the 3 -splice site blocks excision and pulls 13 the equilibrium toward fully reverse spliced intron, which is presumably the preferred mobility intermediate in all cases.
The finding that the intron RNA integrates into double-stranded DNA by reverse splicing suggested that DNA target site recognition involves the EBS-IBS and δ-δ pairings, which are required for reverse splicing into RNA and single-stranded DNA substrates (see Figure 1B) . As discussed below, this inference was confirmed in subsequent studies, which showed that the IEP also contributes to DNA target Proposed and demonstrated group II intron mobility mechanisms. A. Early proposed mechanism based on initial genetic studies of yeast mtDNA group II intron homing. In this mechanism, the proposed mobility intermediate is a cDNA of unspliced precursor RNA that begins just downstream of the intron in the 3 exon and continues through the intron into the 5 exon. Homologous recombination between exon sequences in the cDNA and an intronless allele results in insertion of the intron with coconversion of flanking exon sequences (54, 78) . B. Initially proposed TPRT mechanism in which the group II intron RNP makes a double-strand break in the recipient allele and then uses unspliced precursor RNA as a template for reverse transcription (125) . C. Major retrohoming mechanism used by the yeast mtDNA coxI-I1 and coxI-I2 introns in which the intron RNA reverse splices into the DNA target site and is reverse transcribed by the IEP, with integration completed by DSBR-like recombination initiated by the intron cDNA invading an intron-containing allele (30, 31, 118, 124) . This mechanism leads to coconversion of 5 -but not 3 -exon sequences. D. RT-independent homing mechanism used by yeast mtDNA group II introns, in which group II intron RNPs cleave the recipient allele to initiate DSBR, analogous to group I intron homing (30, 31) . This mechanism results in coconversion of both 5 -and 3 -exon sequences. E. Major retrohoming mechanism used by the L. lactis Ll.LtrB intron and for some homing events by the yeast mtDNA introns. The intron RNA reverse splices into the DNA target site and is used as a template to synthesize a full-length cDNA, which is integrated by DNA replication and repair enzymes (16, 30) . F. and G. Mechanisms used by the L. lactis Ll.LtrB intron for retrohoming in the absence of second-strand cleavage. The intron RNA reverse splices into double-stranded DNA and uses a nascent leading or lagging strand at a DNA replication fork as the primer for reverse transcription (122) . Variations of these mechanisms may be used by naturally occurring group II introns that encode proteins lacking the C-terminal En activity. H. Mechanism in which the intron RNA reverse splices into single-stranded DNA at a replication fork and uses a nascent lagging strand DNA as a primer for reverse transcription (44, 122) . This mechanism has been hypothesized for retrotransposition of the Ll.LtrB intron to ectopic sites in L. lactis and also may be used by naturally occurring group II introns, whose IEPs lack En activity. I. Alternate proposed mechanism for En − mobility, in which the intron RNA reverse splices into the DNA target site and then uses a nick in the opposite strand as a primer for reverse transcription (95) . Models A and B are shown in brackets to indicate that they have been superseded by other mechanisms shown in the figure.
recognition and helps promote local DNA unwinding, enabling the intron RNA to base pair to the target DNA. By using the same base-pairing interactions with the 5 and 3 exons for both RNA splicing and DNA target site recognition, the intron ensures that it will insert only at target sites from which it can subsequently splice, thereby minimizing host damage.
Following the biochemical studies, genetic analysis of large numbers of individual mobility events for wild-type coxI-I1 and -I2 indicated that after reverse splicing of the intron RNA into the DNA target site, mobility can be completed by at least three different mechanisms (30, 31) . In the major pathway (∼60% of the events), intron insertion is accompanied by coconversion of 5 -but not 3 -exon sequences. These events are thought to occur by reverse splicing of the intron RNA into the DNA target site, followed by synthesis of a complete or partial intron cDNA, which then invades an intron-containing allele to initiate DSBR-like recombination ( Figure 4C ). Completion of that process leads to variable coconversion of 5 -but not 3 -exon sequences. In the second pathway (∼40% of the events), intron insertion is accompanied by coconversion of both 5 -and 3 -exon sequences, presumably through DSBR, initiated by RNP cleavage of the target site ( Figure 4D ). As expected, this pathway remains active in RT-deficient mutants. Finally, a small proportion of mobility events for the wild-type introns occurs without any coconversion of exon sequences, presumably via synthesis of a full-length intron cDNA, which is integrated by DNA repair, similar to the major pathway first demonstrated for the L. lactis Ll.LtrB intron (see below; Figure 4E ). Interestingly, the proportion of mobility events occurring by the third pathway was increased to 43% by certain DNA target site mutations (30) . Although the use of a precursor RNA template is not needed to explain the coconversion data, it remains a possibility for some mobility events, particularly in light of biochemical studies showing that the RT is bound to precursor RNA in a position to initiate cDNA synthesis in the 3 exon (115, 127) . The ability to complete mobility by using different cellular recombination and repair activities makes group II introns adaptable to different host organisms.
RETROHOMING OF THE L. LACTIS Ll.LtrB INTRON
The discovery of group II introns in bacteria suggested that tractable bacterial systems might be developed for detailed genetic and biochemical analysis (34) . However, most bacterial introns proved immobile and refractory to high-level expression in Escherichia coli. An exception was the Lactococcus lactis Ll.LtrB intron (71, 100). Matsuura et al. (65) developed an efficient E. coli expression system for Ll.LtrB and showed that the IEP, denoted LtrA, has RT, maturase, and En activities. Further, RNPs consisting of the IEP and lariat RNA could reverse splice into double-stranded DNA target sites and carry out TPRT of the inserted intron RNA. A minor difference from the yeast mt introns was that the IEP cleaved the bottom strand at position +9 rather than +10. It was also shown that a drug-resistance marker could be inserted into the DIV loop without impeding the mobility reactions, demonstrating how the introns could be used as vectors.
Next, Cousineau et al. (16) used the genetically marked introns to develop plasmid-based genetic assays for intron homing in E. coli and L. lactis. In a key experiment, a group I intron introduced along with a kan R marker in DIV was absent after intron homing, proving that mobility occurs via an RNA intermediate, from which the group I intron could splice. Retrohoming of Ll.LtrB in both E. coli and L. lactis was found to be RecA-independent and to occur without coconversion of flanking exon sequences (16, 71) . Both properties differ from the major pathway used by the yeast mt introns and suggest that retrohoming of Ll.LtrB occurs predominantly via the synthesis of a full-length cDNA of the reverse spliced intron, which is then integrated by DNA repair independent of homologous recombination ( Figure 4E ).
ALTERNATE MOBILITY MECHANISMS USED BY En − GROUP II INTRONS
As mentioned previously, many bacterial group II introns encode proteins lacking the En domain. Thus far, the best studied is Sinorhizobium meliloti RmInt1, a bacterial class D intron found originally in an IS element ( Figure 2C ). RmInt1 retrohomes efficiently, inserting into 20% to 48% of plasmid-borne target sites introduced into intron-containing strains (60) . The RmInt1 IEP has RT activity, and its RNPs can reverse splice into double-or single-stranded DNA substrates, but cannot carry out site-specific second-strand cleavage, thus requiring an alternate mechanism to prime reverse transcription (80) . Insight into priming mechanisms for En − introns was obtained by analyzing mobility of the Ll.LtrB intron in E. coli, using conditions in which second-strand cleavage was blocked by mutations in either the IEP or DNA target site (122) . Such mutations decreased but did not eliminate mobility, and the residual mobility then showed a pronounced replication frequency dependence and strand bias, suggesting that a nascent leading strand at a DNA replication fork was used to prime reverse transcription ( Figure 4F ). Residual mobility also occurred at lower frequency in the opposite orientation, with characteristics suggesting that nascent lagging strands could be used as primers to some extent ( Figure 4G ). The preference for leading strand primers may reflect that after reverse splicing into double-stranded DNA, the intron RNP is positioned to use a leading strand primer directly, while the use of a lagging strand primer requires the potentially disruptive passage of the replication fork through the region containing the inserted intron RNP. Notably, En − retrohoming of the Ll.LtrB intron is dependent upon the RT activity of the IEP, suggesting that the host DNA polymerase does not simply copy through the inserted intron RNA and that the nascent DNA strand is used instead to prime reverse transcription by the IEP. The situation may be analogous to the mode of action of lesion bypass DNA polymerases, where the host replicative polymerase disengages and then resumes after the lesion is repaired (87) .
Similar mechanisms may be used by naturally occurring group II introns that lack the En domain. Ichiyanagi et al. (44) noted that most En − introns are found on the lagging template strand, the orientation opposite that for retrohoming of En − mutants of the Ll.LtrB intron. This opposite strand bias may reflect that the En − introns retrohome by reverse splicing into single-stranded DNA after the passage of the replication fork, enabling facile use of lagging strand primers ( Figure 4H ). En − introns that retrohome efficiently may have specific adaptations for targeting single-stranded regions or interactions with the host replication machinery that facilitate use of nascent DNA strands as primers. Other priming mechanisms are also possible. Schizosaccharomyces pombe cob-I1, for example, which encodes an IEP with an inactive En domain, has been suggested to prime reverse transcription of the reverse spliced intron RNA by using a nonspecific opposite-strand nick ( Figure 4I ) (95) .
GROUP II INTRON RETROTRANSPOSITION TO ECTOPIC SITES
In addition to retrohoming, group II introns retrotranspose at low frequency (typically 10 −4 to 10 −5 ; 25, 44) to ectopic sites that resemble the normal homing site, providing a means of intron dispersal. Retrotransposition was first demonstrated for group II introns in yeast and Podospora anserina mtDNAs (79, 98) . In these small genomes, duplication of the intron could be detected by PCR, but homologous recombination rapidly deleted one copy of the intron along with the intervening mtDNA sequences. The RmInt1 and Ll.LtrB introns expressed from plasmids were also shown to retrotranspose to ectopic sites in their natural hosts (15, 44, 62) . In all cases, the retrotransposition sites generally had good matches for IBS1, but poorer matches for IBS2 or for 5 -and 3 -exon sequences recognized by the IEP. As discussed below, IEP interactions with the 5 exon are required for efficient reverse splicing into double-stranded DNA, and interactions with the 3 exon are required for second-strand cleavage. As expected from the lack of appropriate 3 -exon sequences, retrotransposition of the Ll.LtrB intron in L. lactis does not require the En activity of the IEP (15, 44) . The initial studies of group II intron retrotransposition were interpreted in terms of an RNA-based mechanism first suggested in general terms by Cech (10) , who noted that self-splicing introns could reverse splice into an ectopic site in RNA, leading to a recombined RNA, which is then reverse transcribed and integrated into the genome by homologous recombination.
The finding that group II intron RNPs reverse splice into DNA homing sites suggested an alternate "DNA target" mechanism for retrotransposition, in which the intron RNA reverse splices directly into an ectopic DNA site and is then reverse transcribed by the IEP (118, 124) . A DNA target mechanism was supported initially by biochemical studies with yeast coxI-I1, which showed that RNPs could reverse splice albeit inefficiently into known DNA transposition sites in vitro (117) . It was then proven by showing that "flipping" the target sequence to the opposite strand to prevent its transcription did not inhibit retrotransposition (25) . The generality of the mechanism was suggested by the observation that many group II intron integration sites in bacterial genomes are located in nontranscribed intergenic regions, inconsistent with an RNA target mechanism (21, 44, 61) . Early experiments with the S. meliloti RmInt1 intron also suggested a DNA-target mechanism by showing RecA-independent insertion into an ectopic site in the oxi1 gene, but its relationship to other retrotransposition events is unclear because the oxi1 site closely resembles the normal homing site and supports mobility at a relatively high frequency (∼5% of the wild-type level) (62).
Ichiyanagi et al. (44) obtained further insight into group II intron retrotransposition mechanisms by a systematic study of the L. lactis Ll.LtrB intron using a powerful new genetic assay based on incorporation of a Retrotransposition Indicator Gene (RIG) marker. This marker, analogous to those used to study retrotransposition in a variety of other systems (19) , consists of a kan R gene inserted into group II intron DIV in the reverse orientation, but interrupted by an efficiently self-splicing group I intron in the forward orientation. During retrotransposition via an RNA intermediate, the group I intron is spliced, reconstituting the kan R marker gene, which is then selected after the intron has integrated into a retrotransposition site. Analysis of a large number of events showed that retrotransposition of the Ll.LtrB intron in L. lactis occurs into both transcribed and nontranscribed strands and established that retrotransposition is not dependent on RecA function, a feature obscured by selection biases in earlier experiments. In addition, most of the retrotransposition sites were found in the lagging template strand. This finding together with the lack of 5 -and 3 -exon sequences recognized by the IEP strongly suggest a mechanism in which the intron reverse splices into transiently single-stranded DNA at a replication fork, followed by priming from a nascent lagging DNA strand (43, 44, 122) . In principle, retrotransposition could also occur by inaccurate reverse splicing into double-stranded DNA, using either nascent DNA strands or opposite-strand nicks to prime reverse transcription, with the proportion of events occurring by different pathways varying for other introns or even for the same intron under different conditions.
Although the DNA-target mechanism is predominant, one can ask if the RNAtarget mechanism is ever used and if not, why not? All the required steps appear to be feasible. Group II introns reverse splice readily into RNA substrates in vitro, and precise intron deletion from yeast mtDNA genes appears to occur by a mechanism involving recombination between genomic DNA and a cDNA of spliced mRNA synthesized by a group II IEP (56) . A possible explanation is that for the introns analyzed thus far, the IEP has a high affinity for DNA, thereby targeting the intron to reverse splice preferentially into DNA sites. It remains important to look for cases in which group II introns retrotranspose via the RNA target mechanism.
GROUP II INTRON RETROTRANSPOSITION SUPPORTED BY AN INTRON-ENCODED PROTEIN IN TRANS?
Although most bacterial group II introns encode ORFs, four ORF-less introns were identified recently in cyanobacteria and archaea (23, 81; L. Dai & S.Z., unpublished data). These ORF-less introns appear to be mobile, as judged by their presence at 18 LAMBOWITZ ZIMMERLY multiple sites, and in each case, a closely related intron encoding an RT ORF is also found within the genome. The latter finding raises the possibility that mobility is promoted by the IEP in trans. The intron-insertion sites for the ORF-less introns lack shared features except for matches for the IBS1 and IBS2 sequences recognized by base pairing of the intron RNA, suggesting reverse splicing into singlestranded DNA or RNA target sites (see above). An analogous situation may exist in Euglena cp DNA, which contains only two protein-encoding group II or III introns, but has a large number of ORF-less group II introns that appear to have retrotransposed by a mechanism dependent mainly on the IBS1/EBS1 pairing (13, 26, 120) .
MECHANISM OF SECOND-STRAND SYNTHESIS AND CONNECTIONS TO DNA REPLICATION
Following synthesis of the intron cDNA, both retrohoming and retrotransposition require second-strand synthesis to complete intron integration. In the case of the Ll.LtrB intron, the IEP has very low processive DNA-dependent DNA polymerase activity, suggesting that second-strand synthesis may be carried out by host enzymes (J. Zhong & A.M.L., unpublished data). Consistent with this possibility, a real-time PCR experiment using a recipient plasmid with a temperature-sensitive replication origin showed that homing of the wild-type Ll.LtrB intron is blocked when plasmid replication is inhibited, indicating a requirement for intron insertion into actively replicating DNA (122) . A connection between mobility and DNA replication was also suggested by the finding that an Ll.LtrB intron with randomized EBS1/2 and δ sequences inserts preferentially at sites near the chromosome replication origin (57% of the insertion sites found within 5% of the genome on either side of oriC;121). Although this clustering may reflect in part the higher copy number of origin proximal genes, which in rapidly dividing E. coli may be greater than 4:1, it is not observed for other transposons. It could also reflect a direct interaction between group II intron RNPs and the DNA replication machinery that leads to intron insertion soon after initiation of DNA synthesis at OriC.
SYNTHESIS OF THE INTRON-ENCODED PROTEIN
Studies with the yeast mtDNA and lactococcal Ll.LtrB introns have provided insight into individual steps in intron mobility. The IEP, which is required for RNA splicing, must be translated initially from unspliced precursor RNA. In Ll.LtrB and other bacterial group II introns, the ribosome-binding site and initiation codon of the intron ORF are located in or near the DIVa stem-loop structure, which is a highaffinity binding site for the IEP (115) . Experiments with Ll.LtrB showed that the IEP functions most efficiently when expressed in cis from the same plasmid as the intron RNA (17, 123) , and that its binding to DIVa down-regulates translation by sequestering the ribosome-binding site (104) . The latter prevents the accumulation of excess IEP and also halts ribosome entry into the intron, which might otherwise impede RNA splicing. In L. lactis, the Ll.LtrB intron may also use an internal promoter in DI to independently express LtrA (123) , but there is no evidence that such an internal promoter is used in E. coli where Ll.LtrB stills functions efficiently. Many organellar group II introns, including yeast coxI-I1 and -I2, differ from bacterial introns in that the ORF extends upstream from DIV and is translated in frame with the upstream exon, yielding a precursor protein that is cleaved to generate the active IEP (67) . In these cases, the splicing of the intron prevents further translation, again feedback regulating the IEP (9). The upstream extension of the ORF in organellar group II introns is thought to be an evolutionary adaptation that permits more efficient translation initiation or regulation (51) .
BINDING OF THE INTRON-ENCODED PROTEIN TO THE INTRON RNA
The interaction between the IEP and intron RNA is critical for all steps of intron splicing and mobility. The RNA splicing activity of the IEP was first demonstrated genetically for the yeast mtDNA coxI-I1 and -I2 introns (9, 77) and subsequently both genetically and biochemically for L. lactis Ll.LtrB intron (65) . The biochemical studies with the Ll.LtrB intron showed that the purified LtrA protein binds tightly and specifically to the Ll.LtrB intron but not to noncognate group II introns, and is by itself sufficient to promote RNA splicing at physiological Mg 2+ concentrations in vitro (93) . The LtrA protein binds to the intron RNA as a dimer, the same quaternary structure found for other RTs (93) .
Further studies with Ll.LtrB suggested a model in which the IEP binds first to the high-affinity binding site in DIVa, where it also autoregulates translation (see above), and then makes secondary contacts with conserved catalytic core regions, potentially including DI, DII, and DVI, to fold the intron RNA into the active structure (64, 115) . Analysis of mutants suggests that the N terminus of the RT domain interacts with DIVa, whereas other regions of the RT and X domains interact with the catalytic core (17) . There is some indication that after the initial binding to DIVa, the interaction of the IEP with the catalytic core occurs by tertiarystructure capture rather than by tertiary-structure induction (82) . The yeast coxI-I2 intron uses a similar mechanism in which DIVa is required for stable binding of the IEP and additional contacts with the catalytic core promote RNA splicing (42) . The high-affinity binding to DIVa accounts at least in part for the intron specificity of maturases and may also serve to anchor or guide the interaction of the IEP with catalytic core regions.
Although DIVa makes a strong contribution to binding, residual splicing of Ll.LtrB and yeast coxI-I2 can occur in the absence of DIVa by direct binding of the IEP to the catalytic core both in vitro (64, 115) and in vivo (17, 42) . The level of residual splicing in vivo in the absence of DIVa is considerably different for Ll.LtrB and coxI-I2 (10% and 70%, respectively), possibly reflecting different relative affinities of the IEP for different binding sites. However, for both introns, deletion of DIVa has a much stronger effect on intron mobility (>10 5 -fold inhibition; 20, 42) . The latter could reflect the fact that binding to DIVa is particularly critical for positioning the RT to initiate reverse transcription (115) . The finding that the IEP can interact directly with the conserved regions of the intron, independent of DIVa, suggests how maturases might evolve from intron-specific to general group II intron splicing factors, as may have occurred for the plant MatK and nMat proteins (64) .
The use of a high-affinity binding site outside the catalytic core differs from the mode of action of well-studied group I intron splicing factors, which bind directly to the catalytic core to stabilize the active RNA structure (reviewed in 52). A possible rationale is that high-affinity binding to DIVa anchors one region of the protein to the intron RNA, while leaving other regions relatively flexible to engage in different interactions during the multiple steps in RNA splicing and intron mobility. In the latter process, the IEP sequentially recognizes the DNA target site, promotes reverse splicing, cleaves the second strand, and initiates TPRT, all while remaining associated in some way with the intron RNA (64).
DNA TARGET SITE RECOGNITION BY GROUP II INTRON RNPs
Group II intron RNPs recognize DNA target sequences by using both the IEP and base pairing of the intron RNA. Figure 5A -D compare the DNA target sites for four group II introns analyzed thus far. In all four cases, the intron RNA base pairs to the 5 -and 3 -exon sequences via the previously discussed EBS2/IBS2, EBS1/IBS1 and δ-δ (group IIA), or EBS3/IBS3 (group IIB) interactions, while the IEP recognizes additional upstream and downstream sequences (41, 47, 75, 103, 117) . In each case, the importance of the base-pairing interactions was demonstrated by showing that mutations in the DNA target site could be rescued by compensatory mutations in the intron RNA. Notably, analysis of reverse splicing into RNA (47); and E. bacterial class C introns (21, 39) . Group II intron RNPs use both the IEP and base pairing of the intron RNA to recognize specific sequences in the DNA target site. The most critical positions recognized by the IEP in the 5 and 3 exons are indicated by shaded squares and ovals, respectively, based on original references, where they are defined by somewhat different criteria. The IBS and δ sequence regions recognized by base pairing of the intron RNA's EBS and δ sequences are also shaded. Bacterial class C introns appear to recognize the inverted repeat of a rho-independent transcription terminator followed by an IBS1 sequence that base pairs with the intron RNA.
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LAMBOWITZ ZIMMERLY substrates showed that single-base mismatches affect the k cat for reverse splicing as well as K d , and thus have a much stronger inhibitory effect than is expected from decreased binding affinity alone (116) . This feature likely contributes to the very high target specificity for intron insertion. The DNA target sequences recognized by the IEP differ even for closely related introns, such as coxI-I1 and -I2, suggesting that the IEP can evolve readily to recognize different target sites, a feature that may help group II introns to establish themselves at new locations. Further, for all of the introns, relatively few positions are recognized by the IEP, implying that most of the specificity for DNA target site recognition comes from base pairing of the intron RNA.
The yeast mtDNA and lactococcal introns, whose IEPs contain C-terminal D and En domains, recognize relatively long DNA target sites (30-35 bp) . For all three introns, mutations in key nucleotide residues recognized by the IEP in the distal 5 -exon region inhibit both reverse splicing and second-strand cleavage, whereas 3 -exon mutations inhibit only second-strand cleavage. In the case of RmInt1, whose IEP lacks the En domain as well as all or part of domain D, DNA target site recognition by the IEP appears more limited, with mutations at only two positions (−15 and +4) strongly inhibiting mobility (47) . Since RmInt1 does not carry out second-strand cleavage, IEP recognition of the 3 -exon must be required either for the initial DNA target site recognition or for reverse splicing, a difference from the yeast and lactococcal introns.
Thus far, detailed biochemical analysis of DNA target site recognition has been done only for the Ll.LtrB intron, where an efficient E. coli expression system makes it possible to obtain large amounts of reconstituted RNPs for biochemical studies (93) . Kinetic analysis showed that the RNPs first bind DNA nonspecifically and then search for their target site sequence, presumably by facilitated-diffusion mechanisms analogous to those used by site-specific DNA-binding proteins (1) . The initial recognition event appears to involve major groove interactions between the IEP and key bases in the distal 5 -exon region, including T-23, G-21, and A-20 on the same strand into which the intron reverse splices ( Figure 5A ) (103) . These base interactions bolstered by phosphate-backbone contacts trigger local DNA unwinding, enabling the intron RNA to base pair to the IBS and δ sequences for reverse splicing. Mutagenesis experiments indicate some preferences for specific bases from positions −17 to −13, where the IEP crosses the minor groove, but it is not clear if this is due to direct interactions with bases or indirect readout of DNA structure (86) . Importantly, mutations at all critical bases in the distal 5 -exon region strongly inhibit reverse splicing into double-stranded DNA but have little if any effect on reverse splicing into otherwise identical singlestranded DNA targets, implying that their recognition is required mainly for DNA unwinding (122) . Second-strand cleavage occurs after a lag and is dependent on the same protein and base-pairing interactions that position the RNP for reverse splicing (although reverse splicing per se is not required; 1), as well as a small number of additional IEP interactions with the 3 exon, the most critical being recognition of T + 5 ( Figure 5A ) (75, 103) . The latter lies in the region of the DNA target site that becomes single-stranded after DNA unwinding, suggesting a mechanism for temporally separating reverse splicing and second-strand cleavage.
The small number of bases recognized by the IEP in the distal 5 -exon region raises the question of how RNPs recognize sites that can base pair with the intron RNA without inefficiently unwinding a large number of noncognate sites. The answer seems to be that DNA unwinding requires concerted interaction of the IEP and base-pairing of the intron RNA, which may drive the process to completion. Thus, RNPs reconstituted with wild-type IEP and an intron RNA, whose EBS and δ sequences were modified to prevent base pairing with the DNA target site, did not induce DNA unwinding assayed by KMnO 4 modification (103) . The concerted RNA interaction could involve progressive sampling of base pairs starting from one end, or possibly triplex formation followed by base pairing.
Bacterial class C introns, whose IEPs lack an En domain, have a highly distinct target specificity. These introns insert downstream of palindromic rho-independent transcription terminators at sites having potential IBS1 but not IBS2 sequences ( Figure 5E ). Moreover, bacterial class C introns are often found inserted at multiple target sites that have little sequence similarity, but share the palindromic terminator motif, suggesting IEP recognition of higher-order DNA structure (21, 39) . Indeed, the formation of a DNA hairpin structure would be favored in single-stranded regions and may be a key factor in targeting these En − introns to the lagging template strand at DNA replication forks, where they can use a nascent lagging strand to prime reverse transcription (see above).
REGULATION OF GROUP II INTRON MOBILITY
Mobile elements and their hosts use diverse mechanisms to regulate transposition and thus minimize host damage (8) . For group II introns, the primary mechanisms are site-specific insertion and removal by RNA splicing. In addition, many bacterial group II introns insert into benign sites, such as downstream of transcription terminators or within mobile elements, pathogenicity islands, or other group II introns (21, 23) . In a number of cases, these target sites correspond to conserved sequences, e.g., conserved regions of transposases or the RT domain of other group II introns (23, 106) , maximizing the chances that unoccupied sites will be available. More direct regulation is also possible. Some E. coli strains, for example, contain structurally intact group II introns but also have unfilled homing sites, suggesting that mobility is rare, and attempts to demonstrate mobility of E. coli introns have failed (22) . The mobility of group II introns in E. coli is impeded by endogenous ribonucleases, which nick the intron RNA (40) . However, this factor alone seems insufficient to account for the immobility of E. coli introns, implying additional mechanisms that suppress group II intron mobility or limit it to specific environmental conditions.
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EVOLUTION OF MOBILE GROUP II INTRONS
The phylogenetic distribution of mobile group II introns suggests that they evolved in bacteria and were then transferred to eukaryotes, possibly via bacterial endosymbionts that gave rise to organelles (34, 111, 115, 126 ). An origin in archaea seems less likely since the few group II introns found in archaea can be accounted for by horizontal transfer from bacteria (91) . The inference from phylogenetic analysis that the IEP was associated with the intron RNA prior to the divergence of different group II intron lineages (see above) led to the "retroelement ancestor hypothesis." According to this hypothesis, all extant group II introns descended from RT-encoding group II introns in bacteria, with two lineages becoming associated with organelles, and ORF loss occurring in many organellar and a few bacterial group II introns (109) . This hypothesis is supported by the finding of ORF remnants in many, but not all, ORF-less introns (23, 109) .
The "retroelement ancestor hypothesis" does not directly address how mobile group II introns originated. One possibility is that they arose from a retroelement that developed self-splicing activity to minimize deleterious effects of its transposition on the host (18) . However, this scenario does not provide a compelling rationale for the evolution of a complex ribozyme structure, since the same RNA splicing reactions are readily carried out by protein enzymes. An alternate hypothesis is that mobile group II introns were created by the insertion of a retroelement or RT into a pre-existing group II ribozyme, analogous to the evolution of mobile group I introns by the invasion of ORFs encoding DNA homing endonucleases (51) . In this scenario, the group II ribozyme originated before its association with the RT and may have functioned as a mobile element by reverse splicing into RNA or DNA sites. The insertion of an RT into the intron would then have resulted in a more efficient genomic parasite [see Discussion in (115)]. An interesting possibility is that group II intron ribozymes evolved initially in thermophiles or halophiles, providing conditions in which the intron RNA might be catalytically efficient. Acquisition of the ORF might then have enabled the introns to break out into other bacterial species. This hypothesis predicts that self-sufficient ORF-less group II introns may still exist in organisms that live under extreme conditions.
EVOLUTION OF THE INTRON-ENCODED PROTEIN AND PROTEIN-ASSISTED SPLICING
In either scenario for the origin of mobile introns, the RT functioned initially in intron mobility and then adapted to function in RNA splicing by virtue of its specific interaction with the intron RNA. The ancestral RT likely lacked the D and En domains and may have promoted mobility by one of the mechanisms discussed previously for En − group II introns, e.g., reverse splicing into transiently singlestranded DNA followed by use of a nascent DNA strand at a replication fork to prime reverse transcription ( Figure 4H) . Acquisition of the D and En domains would have allowed efficient mobility by reverse splicing into double-stranded DNA without the need for DNA replication to generate a primer ( Figure 4C-E) .
Group II introns that insert within genes are under selective pressure to retain splicing activity and to limit mobility in order to minimize host damage. Both requirements are satisfied by the replacement of the IEP by cellular splicing factors, as observed for organellar group II introns. Further, loss of mobility functions is expected for elements that have saturated available target sites, because there is less opportunity to select functional variants (36) . The saturation of available target sites and fewer opportunities for horizontal transfer may explain why degenerate group II introns are much more prevalent in small organelle genomes than in bacteria (21) .
The different proteins recruited to promote splicing in different hosts may in turn have dictated distinct patterns of RNA structural degeneration. Thus, fungal mtDNA group II introns, which retain the canonical structure but selfsplice inefficiently, may rely on splicing factors that compensate only for limited RNA structural defects, whereas higher plant cp and mt group II introns, which have greater structural deviations, may rely on a larger number of more globally acting proteins, perhaps acting together in a complex (83, 92, 108) . Similarly, the wholesale structural degeneration of Euglena cp group II introns may reflect the recruitment of proteins that supply the missing functions or a stochastic event that enabled some group II intron domains to function efficiently in trans.
EVOLUTIONARY RELATIONSHIP OF GROUP II INTRONS TO SPLICEOSOMAL INTRONS AND NON-LTR-RETROTRANSPOSONS
Group II introns are the proposed ancestors of both nuclear spliceosomal introns and nuclear non-LTR-retrotransposons (11, 27, 28, 99, 125) . The key steps postulated to have occurred in the conversion of group II introns into spliceosomal introns-degeneration of internal RNA structure, dependence on a common splicing apparatus, and the use of trans-acting RNAs-are all exemplified by the properties of group II introns in different organisms. The involvement of snRNAs in the splicing of nuclear introns seems a particularly compelling argument for such a scenario, since RNA splicing reactions per se can be catalyzed simply by protein enzymes, as for eukaryotic tRNA introns.
In eukaryotes, the nuclear envelope, which separates transcription from at least the bulk of translation, would constitute a barrier for both splicing and mobility of group II introns, since the IEP can no longer bind the intron RNA immediately after transcription. This separation may favor the substitution of host-encoded proteins that could function more efficiently in trans, leading to the evolution of a common splicing apparatus. It is possible that early "spliceosomal" introns retained mobility by interacting with the RTs in trans, as may be the case for some presentday ORF-less introns (see above). However, as the number of introns grew, mobility would be increasingly detrimental to the host, favoring the replacement of the RT with other cellular splicing factors. Group II introns that had not inserted within genes would be under no selective pressure to retain splicing, enabling them to evolve into non-LTR-retrotransposons. Although it is uncertain whether any evolutionary scenario can be proven, additional clues may be obtained by searching the genomes of primitive eukaryotes for remnants of group II introns or primitive snRNAs.
GROUP II INTRONS AS GENE-TARGETING VECTORS
Because group II introns recognize their DNA target sites mainly by base pairing of the intron RNA, they can be targeted to insert into different DNA sites simply by modifying the intron RNA (31, 40, 41) . This feature, combined with their very high insertion frequency and specificity, has made it possible to use mobile group II introns as programmable gene-targeting vectors, dubbed "targetrons." A targetron derived from the L. lactis Ll.LtrB intron has been used for efficient targeted gene disruption in both gram-negative and gram-positive bacteria (35, 48, 86, 121) . Additionally, group II introns can be used for the site-specific chromosomal insertion of cargo genes cloned in DIV (e.g., 35) and to introduce targeted double-strand breaks, which stimulate homologous recombination with a cotransformed DNA fragment, enabling the introduction of point mutations (48) .
In bacteria, retargeted group II introns are generally expressed from a donor plasmid. The donor plasmid pACD3, shown in Figure 6 , expresses an Ll.LtrB-ORF intron and short flanking exons, with the IEP synthesized from a position just downstream of the 3 exon (121). The IEP expressed from this position still promotes efficient splicing and mobility, but after insertion at a new location, the ORF intron is unable to splice significantly in the absence of the IEP, yielding a gene disruption. Since the ORF intron contains multiple stop codons in all reading frames, suitably placed disruptions are likely to ablate gene function. An intron targeted to the antisense strand inserts in the orientation opposite target gene transcription and cannot be spliced, yielding an unconditional disruption. By contrast, an intron targeted to the sense strand inserts in the same orientation as target gene transcription, and a ORF intron inserted in this orientation may give a conditional disruption, if its splicing is linked to the expression of the IEP from a separate construct ( Figure 6 ) (35, 48) . Group II intron retargeting is now done routinely by using a computer program that scans the desired target sequence for the best matches to the positions recognized by the IEP and then designs primers for modifying the intron's EBS and δ sequences to insert into those sites (86) . The positions recognized by the IEP are sufficiently few and flexible that the program readily identifies multiple rank-ordered target sites in any gene.
Figure 6
Use of targeted group II introns (targetrons) for gene disruption. The donor plasmid pACD3 expresses a 0.9-kb L. lactis Ll.LtrB-ORF intron and short flanking exons, with the IEP (LtrA protein) expressed from a position just downstream of the 3 exon (121). T1 and T2 are transcription terminators. The intron is retargeted by modifying the EBS2, EBS1, and δ sequences to base pair to the IBS2, IBS1, and δ sequences in the DNA target site. The IBS1 and 2 sequences in the donor plasmid's 5 exon are also modified to base pair to the intron's retargeted EBS1 and 2 sequences for efficient RNA splicing. Sequences modified for retargeting are boxed. An intron targeted to the antisense strand inserts in the orientation opposite target gene transcription and thus cannot be spliced, yielding an unconditional disruption (right). By contrast, an intron targeted to the sense strand inserts in correct orientation to be spliced; a ORF intron inserted in this orientation can potentially yield a conditional disruption by linking its splicing to expression the LtrA protein in trans (35) (left).
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In E. coli, retargeted group II introns commonly insert specifically into the desired chromosomal target site at frequencies >1% without selection (86) . This frequency is high enough to detect insertions by colony PCR. Alternatively, insertions can be detected by using a conventional or Retrotransposition-Activated selectable Marker (RAM), patterned after previously developed RIG markers (see above), inserted in DIV (121) . One RAM marker used for gene targeting is a small trimethoprim-resistance (Tp R ) gene inserted in DIV in the reverse orientation, but interrupted by an efficiently self-splicing group I intron in the forward orientation. The latter is excised during retrotranspositon, enabling selection of the marker after integration into a DNA target site. Even for inefficient introns, nearly 100% of the Tp R colonies had the desired single disruption (121) .
In addition to targeted gene disruption, an Ll.LtrB intron containing a RAM marker and randomized target site recognition (EBS and δ) sequences was used to obtain disruptions at sites distributed throughout the E. coli genome, analogous to global transposon mutagenesis. Despite clustering of insertion sites near the chromosome replication origin, the resulting library was sufficiently complex to contain disruptants of most if not all nonessential E. coli genes (121) . Advantages of targetrons are that each gene can be targeted individually, with multiple introns if necessary, and that the high insertion frequencies in the absence of selection facilitate the construction of strains having multiple disruptions or other desirable combinations of traits.
In initial work toward developing group II intron-based gene targeting methods in higher organisms, group II introns were designed and selected to insert into the HIV1 provirus and the human gene encoding CCR5, an important target site in anti-HIV therapy. The retargeted intron RNPs retained activity in human cells, inserting into plasmid-borne HIV1 and CCR5 target sites after liposome-mediated transfection (40) . If group II introns can be adapted to function as efficiently in gene targeting in eukaryotes as they now do in bacteria, they would have potentially widespread applications, including the production of genetically stable disruptants for functional genomics, and the site-specific insertion or repair of genes for gene therapy.
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